To study the function of pantetheine in gramicidin S and tyrocidine biosynthesis, pepsin digests of the polymerizing enzymes, of which only the heavy ones contain pantetheine, were analyzed. The The biosynthesis of gramicidin S(GrS)
chromatography; only the dipeptide showed a derivative associated with pantetheine. Similar results were obtained from the heavy tyrocidine enzyme charged with either ['4Cjasparagine alone or with the pentapeptide D-Phe-Pro-Phe..D-Phe-['4CJAsn. Several radioactive products appeared on the thin-layer chromatograms of both these digests; association with pantetheine was found only in the case of the pentapeptide. Exposure of the chromatogram from the pentapeptide-labeled digest to performic acid and development in a second direction separated the peptide from pantetheine, indicating that a nascent peptide was originally linked to the cofactor by a thioester bond. The connection of pantetheine only with peptide residues appears to confirm its role in transpeptidation during peptide chain growth.
The biosynthesis of gramicidin S(GrS)
D-Phe---. Pro-o-Val,-. Orn-o-Leu Leu -Orn -Val -Pro -D-Phe requires two complementary enzyme fractions (1): a light fraction of 100,000 daltons that activates and racemizes phenylalanine, and a heavy fraction of 280,000 daltons that activates the other four amino acids, proline, valine, ornithine, and leucine (2) . The nascent di-, tri-, tetra-, and pentapeptides remain linked to -SH groups in the heavy fraction (3) (4) (5) remaining eight amino acids. The nascent tri-through decapeptides are covalently linked to independent -SH groups on the heavy enzyme fraction (7) . Each mol of heavy enzyme in both antibiotics contains 1 mol of pantetheine (Pan) (8, 9) . The aim of this study has been to obtain proteolytic digests of GrS-and Ty-synthesizing enzymes after charging them with amino acids and peptides (7) . From the digests, amino acid-and peptide-containing fragments were isolated. Among these, we expected some to appear that were bound to Pan. The fact that the thioester link to the intermediates is very sensitive to alkali forbids the use of proteolytic procedures requiring alkaline pH values. The safest approach, therefore, was to use pepsin at a rather acid pH; this proteolytic enzyme, however, has the disadvantage of being nonspecific and yields multiple products. Nevertheless, it appeared that pepsin digestion would give us a resolution of the enzyme proteins into fragments containing thioesterlinked amino acids, presumably by way of cysteine, and with peptides bound in part to Pan.
The results to be reported have borne out the supposition that Pan is the transmitter of the growing polypeptide chain to thioester-linked amino acids, presumably by alternating transpeptidation and transthiolation.
METHODS
Preparation of the complementary GrS (10) and Ty (6) enzyme fractions, and isolation of the nascent enzyme-bound peptide intermediates by Sephadex G-50 gel filtration and trichloroacetic-acid precipitation were described (3, 6) .
For proteolytic digestion, the final protein precipitate was suspended in 1 ml of 0.02 N HCl, to which a solution of pepsin (10 mg/ml), Worthington Biochemical Corp., was added to make the final enzyme to substrate ratio 0.25. After incubation at 37°C for 18 hr, the volume was reduced to 100 ,ul by drying under a stream of air. Thin-layer chromatography (TLC) was performed on silica gel with n-butyl alcoholacetic acid-water 126:22:54 and the position of the labeled products was determined by radioautography (7). Pantetheine phosphate was released and decomposed, and the pantothenate was assayed by the microbiological assay described by Pugh and Wakil (11) . For alkaline digestion, the gel was scraped into tubes and subsequently separated from the digested mixture by centrifugation at 27,000 X g for 10 min after adjustment of the pH to 8.
Performic acid oxidation was performed in a chromatography tank for 12 hr at ambient temperature in the atmosphere produced by mixing 47.5 ml of 97% HCOOH with 2.5 ml of 30% H202. The chromatograms were dried under reduced pressure for 24 hr prior to chromatography. RESULTS
Chain initiation in GrS biosynthesis
As shown previously (3, 4) , GrS biosynthesis is initiated by transpeptidation of thioester-linked D-phenylalanine from the light enzyme to proline bound to the heavy enzyme. After Pan was found in the heavy enzyme, Gilhuus-Moe et al. suggested (8) termined by D-phenylalanine exchange; *-, 14C-label. All the radioactivity associated with the heavy fraction was precipitated by trichloroacetic acid, showing it to be covalently linked to that enzyme. One half the label associated with the light enzyme was acid-precipitable, indicating that one half is covalently bound and the other half is noncovalently bound, as aminoacyl-adenylate (3). liquid scintillation spectrometry. As shown in Fig. 1 , phenylalanine was not found associated with the heavy fraction; this more strongly supports the notion that it does not become covalently linked directly to the heavy enzyme.
Only when the experiment was performed with ["4C]phenylalanine and unlabeled proline, under conditions where the dipeptide was linked to the heavy enzyme, did the radioactivity become associated with the heavy fraction. To show that the phenylalanine was bound as Phe-Pro-, the pooled heavy fractions were treated with alkali (pH 10, 60'C, 10 min) to break thioester bonds, and neutralized to pH 7, followed by organic-solvent extraction, drying, TLC using solvent 1, and strip-scanning (6). The labeled product comigrated with the dipeptide derivative, phenylalanylproline-diketopiperazine. The positions of the labeled products were determined by radioautography (Fig. 2a,b,c) . In view of the unspecific action of pepsin, it is not surprising that several 4C-containing fragments were formed even on charging with the single amino acid; the products obtained in this latter case, shown in (Fig. 3) than in the case of the GrS enzyme. This has been found to be characteristic of all digests of the large fraction of the Ty-synthesizing enzyme.
Radioautography of the chromatograms of digests of the pentapeptidyl-thioenzyme in Fig. 3b is distinguished from that of the ['4C]asparagine digest (Fig. 3a) by the appearance of two products at Rf 0.85. Analysis of all labeled zones for Pan showed it to be present only in these two areas. The comparable zones in the chromatogram of Fig. 3a To show more conclusively that the pentapeptide is linked to Pan as a thioester, the initial chromatogram of Fig. 3b was exposed to an atmosphere of performic acid to cleave the thioester bond, and was developed in a second direction. 
DISCUSSION
The finding that enzyme-linked aminoacyl-thioesters polymerize to enzyme-linked peptidyl-thioesters in the biosynthesis of these peptide antibiotics introduced a closer link to fatty acid synthesis. This led us to propose the possibility that Pan, in analogy with the fatty-acid synthesizing system (13), might take part in oligopeptide biosynthesis (3). Using similar reasoning, the Oslo group found Pan in the GrS large enzyme fraction, 1 mol/mol of enzyme (8) . We confirmed this and found that Pan is present with the same stoichiometry in the Ty heavy enzyme fraction (9) . The present experiments were performed to reconcile the presence of a single Pan -SH group, as compared with four and eight active site -SH groups in the GrS and Ty heavy enzymes, respectively. Using Lynen's scheme for fatty acid biosynthesis, we have suggested that the Pan -SH performs a switch by alternative condensation and transthiolation (14) . As illustrated in Fig. 4 ,.-.d'AWAI&aw-mV.A to appear to be directly thiol-linked to enzyme. Further experiments will be required to fully clarify the part taken by Pan in the overall synthesis of these antibiotics.
